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SELECTIVE REFLECTION FROM SODIUM VAPOUR AT LOW DENSITIES
Abstract. 2014 We report an extensive study of the reflectivity of a glass-sodium vapour interface near the sodium D1 and D2 resonance lines for low sodium vapour densities (1014-1016 atoms cm-3).
The observed reflection spectra are narrower than predicted by conventional dispersion theory. The [2] . The experiments on selective reflection, e.g. those performed by Lauriston and Welsh [3] on sodium vapour between 10 torr and 300 torr can be understood in terms of this theory.
In 1954, however, Cojan [4] did selective reflection experiments on mercury vapour that raised some doubts as to the validity of the conventional dispersion theory at low vapour densities. According to the conventional theory, the width of the selective reflection spectra is never smaller than the Doppler width [5] Recently [6] , it was clearly demonstrated on sodium that spectral narrowing occurs in selective reflection when (AVN + Ovc)/wD 1. Sodium was chosen since its 3 2S1/2 ground state has a hyperfine doublet splitting of 1 772 MHz (see Fig. 1 ), which is approximately equal to the Doppler width and therefore provides a sensitivè indicator of spectral narrowing.
Schuurmans [7] has modified the conventional dispersion theory by taking into account the effect of diffuse wall collisions. His results are in qualitative agreement with the experiments as reported in reference [6] . There was however a quantitative discrepancy. Further experiments on sodium have therefore been performed in order to obtain accurate quantitative experimental results for the selective reflection spectra.
The results of this study on the sodium Dl and D2 resonance lines are reported in this paper and compared with the theory of reference [7] . where ngl is the refractive index of the glass and M the surface admittance [8] . In the framework of the conventional dispersion theory Voigt has derived [9] an expression for the quantity M which is to first order in the density and for a Maxwellian velocity distribution of the vapour atoms :
where and u the reduced velocity [7] of the vapour atoms.
The quantity e is the electron charge, m the electron mass, p the number density of the vapour, v the frequency of the incident optical field, and f and vo the oscillator strength and the transition frequency of the particular spectral line involved. Eq. (2) [7] . In the modified theory, the spectral width of a selective reflection spectrum is smaller than the Doppler width in case r 1. For T &#x3E; 1, and also in the far wings of the resonance line (1 4 1 &#x3E; 1), the results of the conventional theory and the modified theory are asymptotically equal.
Let us now consider the reflectivity near the sodium Dl and D2 resonance lines. The energy scheme of the two lines is given in figure 1 . The hyperfine splitting in the 3 2p 1,2,3,2 state is small compared to the collisional width and will be neglected.
In accordance with the population density of the F = 1 and F = 2 hyperfine levels of the ground state, the surface admittance M is given by [7] : where In the conventional theory, the hyperfine splitting of the ground state will be masked in the reflection spectra, whereas the modified theory [7] predicts a clear resolution of that hyperfine structure at low vapour densities. Fig. 2 ).
The reflection cell was madé from gehlenite, which is a sodium-resistant glass [10] . The Fig. 3 4 . Results and discussion. -The reflectivity near the sodium D2 resonance line for both the conventional dispersion theory and the modified theory [7] has been calculated ( 1) using eq. (1), (2), (5) and (6 The reflectivity according to the modified theory [7] is given in figure 5 for four temperatures ranging from 580 K to 700 K.
A set of the experimentally determined selective reflection spectra is given in figure 6 for the same four temperatures of the condensed sodium. It is seen that for the lower temperatures the contributions of the From our experimental results it is clear that the conventional dispersion theory fails to describe the selective reflection spectra for low vapour densities such that r 1. The shape of the experimental spectra is in good agreement with the results of the modified theory, especially for temperatures above 600 K. At 580 K the calculated spectrum differs from the experimental result in the sense that in the former the F = 2 peak is about twice as high as the F = 1 peak while in the latter the amplitudes of the two peaks are about equal. In the theoretical calculations for 580 K, however, it is no longer justified to neglect the hyperfine splitting of the 3 2P3/2 excited state. If that splitting is taken into account the height of the F = 2 peak diminishes.
The theoretical widths of the F = 1 and F = 2 peaks are smaller than the experimental widths. The measured full width at half maximum of the F = 2 peak, the maximum being taken with respect to the far wing reflectivity, is about 300 MHz larger than the theoretical width over the whole temperature region. If the hyperfine splitting of the 3 2P3,2 excited state is taken Fic. 5. -Calculated reflectivity of a gehlenite glass-sodium vapour interface near the D2 resonance line as a function of the detuning for temperatures ranging from 580 K to 700 K. The difference in the vertical scale between two successive spectra is a factor 2.
into account in the calculations, the discrepancy in the widths will be less ; but there is still a significant difference between the calculated and experimental width. The experimental width associated with the minimum in the reflectivity occurring for Av 0 agrees with the corresponding theoretical width.
The frequency separation of the maximum of the peaks associated with F = 1 and F = 2 is found to be always 1.72 GHz. This is consistent with the hyperfine splitting of the 3 2S1/2 ground state if one considers that the F = 2 -+ F = 3 and F = 1 --+F= 1, 2 are the strongest transitions (see Fig. 1 ). The difference between the frequencies where the spectra attain their minimum and maximum value is also about equal in experiment and theory, except at 700 K where the theoretical value of the frequency difference is smaller by about 1 GHz. At this temperature, however, the low density approximation becomes questionable. The exact calculation of the reflectivity suggests a larger frequency difference (cf. Fig. 1 of ref. [7] ).
The amplitudes of the experimental spectra are in good agreement with theory. In the initial work reported in reference [6] amplitudes were observed that are significantly smaller than those reported in this paper. In an attempt to locate the cause of thç discrepancy spectra were taken using the experimental set-up of référence [6] . Spectra measured with this light source were not different from those obtained with the Spectra Physics dye laser. Spectra were also taken using two other gehlenite cells of about the same dimensions as the one mentioned above. These experiments showed that the results are independent of the cell that is used. In spite of our efforts we were unable to explain the discrepancy mentioned above. There is, however, some evidence that it is caused by a systematic error in the temperature measurements of the earlier work. Furthermore the spectra are independent of the intensity of the incoming light for intensities ranging from 0.1 mW/cm2 to 3 W/cm2. In conclusion, we can say that it is clear that for low vapour densities (r 1) the conventional dispersion theory fails to describe selective reflection spectra and that a more successful description can be found when atom-wall collisions are taken into account as has been done by Cojan [4] and in greater detail by Schuurmans [7] . The theoretical results of reference [7] for diffuse wall collisions and a Maxwellian velocity distribution of the vapour atoms, describe the reflection spectra in case r 1 very well in a qualitative sense and satisfactorily in a quantitative sense.
